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Summary 
Sensory transduction in olfactory receptors and pho- 
toreceptors is mediated by cyclic nucleotide-acti- 
vated ion channels. We have studied the gating mecha- 
nism in olfactory and rod channels expressed in 
Xenopus oocytes. We report that the differences in 
cyclic nucleotide affinity and efficacy between these 
channels resulted from sequence differences outside 
the cyclic nucleotide-binding domain, especially in 
the amino-terminal domain, influencing the free en- 
ergy of the closed to open allosteric conformational 
change. In addition, Ni =+ inhibited activation of the ol- 
factory channel, decreasing both the maximum cur- 
rent and the apparent affinity for cyclic nucleotides. 
NF + exerted its effect by binding preferentially to the 
closed configuration of the channel, thereby destabi- 
lizing the opening conformational change. We have 
localized this inhibition to a single histidine (H396) fol- 
lowing the last transmembrane segment, suggesting 
a role for this region in channel gating. 
Introduction 
The cyclic nucleotide-activated ion channels of olfactory 
epithelium and rod photoreceptors are closely related pro- 
teins. They are homologous with respect to both their 
amino acid sequence (Kaupp et al., 1989; Dhallan et al., 
1990) and their function (Fesenko et al., 1985; Nakamura 
and Gold, 1987). Although their gating is only slightly volt- 
age-dependent, they are members of the superfamily of 
ion channels that includes the voltage-dependent Na ÷, K ÷, 
and Ca 2÷ channels (Jan and Jan, 1990). The olfactory 
channel is activated by cyclic AMP (cAMP), whose concen- 
tration in olfactory receptors increases in response to odor- 
ants (Lancet, 1986). The rod channel is activated by cyclic 
GMP (cGMP), whose concentration in photoreceptors falls 
in response to light (Yau and Baylor, 1989). The channels 
are made up of at least two subunits, the major one of 
which can be expressed as homomultimers. Each channel 
can be activated by the other's physiological igand (Fur- 
man and Tanaka, 1989; Ildefonse et al., 1992; Karpen et 
al., 1993; Firestein and Zufall, 1994); however, cAMP is 
only a partial agonist of the rod channel, activating less 
than 1% of the current activated by cGMP in homo- 
multimeric channels expressed in Xenopus oocytes 
(Kaupp et al., 1989; Altenhofen et al., 1991; Gordon and 
Zagotta, 1995). 
Whereas cyclic nucleotide-activated channels were 
originally thought to be static sensors of cyclic nucleotide 
concentration, it has recently been found that the concen- 
tration of nucleotide at which the channels open can be 
tuned by physiological stimuli. The apparent ligand affinity 
of both the olfactory and rod channels can be reduced by 
Ca2+/calmodulin (Hsu and Molday, 1993; Chen and Yau, 
1994; Gordon et al., 1995), and the apparent ligand affinity 
of the rod channel can be increased by dephosphorylation 
(Gordon et al., 1992). Finally, it has recently been reported 
that divalent transition metal cations potentiate the re- 
sponse of the photoreceptor channels to cyclic nucleotides 
(lldefonse and Bennett, 1991 ; Karpen et al., 1993; Gordon 
and Zagotta, 1995). This potentiation is manifested as an 
increase in the apparent affinity for cGMP and cAMP and 
an almost 50-fold increase in the maximal current ob- 
served with cAMP. A histidine residue (H420) probably 
located near the intracellular mouth of the pore has been 
shown to be part of the NF+-binding site and is likely to 
be associated with the channel gate (Gordon and Zagotta, 
1995). Binding of NF + to this histidine occurs preferentially 
to the open state of the channel, stabilizing the channel's 
open conformation and potentiating the response to 
cGMP. No role for such tuning of the channels in sensory 
transduction has yet been identified. 
The activation of the cyclic nucleotide-activated chan- 
nels involves several cyclic nucleotide binding steps, fol- 
lowed by an allosteric transition from a closed to an open 
configuration. Here we report three different conditions 
that influence the free energy of the allosteric transition: 
first, differences in the cyclic nucleotide activating the 
channel (cGMP promotes channel opening more stably 
than does cAMP); second, differences in the channel se- 
quence between the rod and olfactory channels outside 
the cyclic nucleotide-binding domain, especially in the 
amino-terminal domain; third, binding of NF ÷ to a histidine 
residue in the olfactory channel at a position three amino 
acids away from the NF+-binding site in the rod channel. 
Results and Discussion 
Ion channels from rat olfactory epithelium and bovine rod 
photoreceptors were expressed as homomultimers from 
their cDNA clones in Xenopus oocytes. Currents through 
the channels were recorded in excised patches with volt- 
age steps from a holding potential of 0 mV to between 
-100 and +100 mV (Figure 1). Cyclic nucleotides were 
applied to the intracellular surface of the patch, and the 
currents in the absence of cyclic nucleotide, at each volt- 
age, were subtracted. The small droop apparent in some 
of the current records reflects a small amount of ion accu-  
mulation and depletion, as indicated by the tail currents 
present following a step back to 0 mV, the reversal poten- 
tial in these symmetrical solutions (Zimmerman et al., 
1988). The olfactory and rod channels differed markedly 
in the effectiveness of cAMP as an agonist, and in the 
apparent affinities for both cAMP and cGMP. As shown 
in Figure 1A, cAMP was a very potent olfactory channel 
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Figure 1. The Difference between the Rod and Olfactory Channels Is 
in the AIIosteric Transition to the Open State 
(A) Current families in response to voltage jumps from 0 mV to between 
-100 and +100 mV in steps of 20 inV. The top panels are from the 
rod channel and the bottom panels from the olfactory channel. The 
currents were recorded in the presence of 512 #M cGMP (top left), 
64 pM cGMP (bottom left), 10 mM cAMP (top right), and 512 #M cAMP 
(bottom right). 
(B) Dose-response curves for activation of the channels. The data are 
from the same two patches shown in (A) and were normalized to the 
currents for each patch in saturating cGMP. The bows represent he 
olfactory channel, and the circles represent the rod channel. Open 
symbols were recorded in the presence of cGMP, and closed symbols 
were recorded in the presence of cAMP. Currents were recorded at 
+100 mV. The curves were calculated from the model in scheme 1 
with the following parameters: K for all conditions = 3,500 M 1; for 
the olfactory channel (dashed curves), LcGMP = 10,000 and LAMP = 
14; and for the rod channel (solid curves), L~GMP = 6.5 and LcAMP = 
0.004. 
agonist, activating 97.4% -4- 5.3% (mean _+ SD; n = 9) 
of the current activated by cGMP at saturating concentra- 
tions. However, in the rod channel, cAMP was a very poor 
agonist, activating only 0.84% _+ 0.61% (n -- 7) of the 
current activated by saturating concentrations of cGMP. 
In this respect, cAMP behaved as a typical partial agonist 
that was not as effective as cGMP at promoting the alloste- 
ric conformational change to the open configuration once 
bound. Both channels exhibited a higher apparent affinity 
for cGMP than for cAMP (Figure 1B); however, the affinity 
of each of these cyclic nucleotides was about 20-fold 
higher in the olfactory channel than in the rod channel. 
We examined these differences in channel activation 
using a model inspired by that of del Castillo and Katz 
(1957) for the acetylcholine receptor channel. In our 
model, opening of the channel requires the independent 
binding of two cyclic nucleotides (cNMP) followed by a 
single allosteric conformational change (Gordon and Za- 
gotta, 1995): 
cNMP cNMP 
In this model, K is the equilibrium constant of the initial 
binding of ligand to each site, and L is the equilibrium 
constant of the allosteric transition. The presence, in 
scheme 1, of only two cyclic nucleotide binding steps re- 
flects the fact that our dose-response curves for channel 
activation were best fit by the Hill equation using a slope 
near 2. Fits of scheme 1 to the dose-response relations 
for cGMP and cAMP in both the olfactory (dashed curves) 
and rod (solid curves) channels are shown in Figure lB. 
For each of these fits, the equilibrium constant of the initial 
cyclic nucleotide binding steps (K) was identical, and the 
only parameter that varied was the equilibrium constant 
of the allosteric transition (L). Though we cannot exclude 
small changes in K under these different conditions, 
changes in K alone could not account for the partial agonist 
behavior of cAMP on the rod channel. The ability to fit 
these dose-response relations by varying only L suggests 
that both the difference between activation by cGMP and 
cAMP and the difference between activation in the olfac- 
tory channel and the rod channel can be attributed primar- 
ily to differences in the free energy of the allosteric transi- 
tion. For both channels, cAMP is less able to promote the 
allosteric conformational change than cGMP. The differ- 
ence in free energy difference (see Experimental Proce- 
dures) for the conformational change induced by cGMP 
and cAMP (AAG) was very similar between the rod (4.3 
kcal/mol) and olfactory channels (3.8 kcal/mol), sug- 
gesting that the interactions of the nucleotides with the 
channels did not differ appreciably between the two chan- 
nel types. 
The difference between activation in the olfactory chan- 
nel and activation in the rod channel could also be ac- 
counted for by varying only the equilibrium constant, and 
therefore the free energy, of the allosteric transition (L). 
The predicted free energy of the allosteric conformational 
change was -5.3 kcal/mol for activation of the olfactory 
channel by cGMP and -1.1 kcal/mol for activation of the 
rod channel by cGMP. As shown below, the difference in 
free energy probably reflects a number of small structural 
differences between the rod and olfactory channels. Since 
no difference between these channels was apparent in 
the equilibrium constant K, their initial binding of each 
cyclic nucleotide was probably similar. 
Regions Affecting the AIIosteric 
Conformational Change 
By examining the apparent affinities of chimeric channels 
containing portions of sequence from both the olfactory 
and rod channels, we attempted to localize the channel 
region(s) that confer the difference in apparent affinity be- 
Atlosteric Transition in Olfactory and Rod Channels 
859 
CHM11 , 
CHM21 . 
CHM3 = \ ~ @ ,  
CHM18 ~ ~  
Olfactory 
10-6 
. . . . . . . .  i . . . . . . . .  i . . . . . . . .  
, [3]~ 
I] 
I 
BE] 
rl 
~E~ 
$ 
Fn 
rn 
[]3 
[] 
10-5 10-4 10-3 
K1/2 for cGMP (M) 
Figure 2. Determinant(s) of cGMP Affinity Diffusely Spread through- 
out Protein Sequence 
Box plot of K,/~ for the chimeras tudied. The K,/2 values were obtained 
by fitting dose-response relations with the Hill equation. The gray 
and black segments of the channel represent the rod and olfactory 
segments of the chimera, respectively. The vertical line in the middle 
of each box marks the median of the data. The box shows the middle 
half of the data, between the 25th and 75th percentiles. The "whiskers" 
extending from the left and right of some of the boxes how the range 
of the data. The chimeras are in order of decreasing median. 
tween the olfactory and rod channels. The apparent affinity 
for cGMP was considered to be equal to the concentration 
of cGMP that activated half the maximal current (Kv~). Kv2 
was determined by fitting dose-response relations with 
the Hill equation (see Figure 4, legend). A box plot of K,/~ 
for a number of different chimeric channels is shown in 
Figure 2. For each chimera, segments of rod channel se- 
quence are shown in gray, and segments of olfactory chan- 
nel sequence are shown in black. The rod channel is 
shown at the top, the olfactory channel at the bottom; the 
chimeric channels are shown in order of decreasing K,j2. 
The values of Kv~ were plotted on a log scale because the 
free energy of a transition is related to the logarithm of 
its equilibrium constant (see Experimental Procedures). 
It might be expected that the part of the channel controlling 
the apparent affinity for cyclic nucleotides would localize 
to the cyclic nucleotide-binding domain. However, the chi- 
mera in which the cyclic nucleotide-binding domain of 
the rod channel had been replaced by the corresponding 
region of the olfactory channel (CHM1) still had an appar- 
ent affinity like that of the rod channel. Similarly, the con- 
verse chimera, an olfactory channel with a rod cyclic nucle- 
otide-binding domain (CHM18) still had an apparent 
affinity much like that of the olfactory channel. These re- 
sults indicated that additional region(s) of the channel 
must contribute to the apparent cGMP affinity. 
The data shown in Figure 2 implicated the amino- 
terminal domain as being especially influential in de- 
termining apparent agonist affinity. CHM15, a rod channel 
with an olfactory amino-terminal domain, had a higher ap- 
parent affinity than the rod channel. CHM16, an olfactory 
channel with a rod amino-terminal domain, had a lower 
apparent affinity than the olfactory channel. Putting the 
cyclic nucleotide-binding domain of the olfactory channel 
into the sequence of CHM15 gave CHM4, with an apparent 
affinity closer to that of the olfactory channel, and putting 
the cyclic nucleotide-binding domain of the rod channel 
into the sequence of CHM16 gave CHM3, with an apparent 
affinity closer to that of the rod channel. Thus, the amino- 
and carboxy-terminal domains together can account for 
most, but not all, of the difference in apparent affinity be- 
tween the olfactory and rod channels. Additional determi- 
nants of apparent affinity reside in the core region, con- 
taining the transmembrane domains. In Figure 2, a trend 
was apparent: channels with high K,/2 tended to contain 
large amounts of rod channel sequence, and channels 
with low K,/2 tended to have large amounts of olfactory 
channel sequence. Thus, it appeared as though the struc- 
tural determinants of K,/2 were distributed throughout he 
channel sequence. 
To determine whether the different apparent affinities 
in the chimeric channels reflect a difference in the free 
energy of the allosteric conformational change, we have 
examined the activation of the different chimeras by satu- 
rating cAMP. According to scheme 1, at saturating con- 
centrations, cAMP will be bound to all of the cyclic nucleo- 
tide-binding sites, and the steady-state open probability 
will be given by LoAMp/(1 + LcAMP). If the different apparent 
affinities in the chimeric channels reflect a difference in 
L, we would expect that the percentage of the maximal 
current activated by saturating cAMP would be correlated 
with the Kv~ for cGMP. This plot is shown in Figure 3. Each 
symbol type represents a different channel type. The 
smooth curve shows a fit to the data that was calculated 
from scheme 1, varying only the equilibrium constant for 
the allosteric transition (L~GMe) from 1 to 100,000. Also, 
since we found that the AAG for activation by cGMP and 
cAMP was comparable for rod and olfactory channels, we 
assumed that the ratio LcAMp:LoGMp was fixed for all chime- 
ras examined. The data were approximately fit by this 
curve, indicating that alterations in only the free energy 
of the allosteric transition can account for both the varying 
Kv~ values and the varying potencies of cAM P of the chime- 
ric channels. Together with the finding that structural de- 
terminants of K,~2 were distributed throughout the channel 
sequence, these results indicate that structural regions 
influencing the allosteric conformational change are dis- 
tributed throughout he sequence. 
NF + Inhibition of the Olfactory Cyclic 
Nucleot ide-Act ivated Channel 
To identify regions that may be associated with the chan- 
nel gate, we have studied the mechanism of action of NF ÷, 
a modulator of the gating process. Application of 10 pM 
NF ÷ to the intracellular surface of the patch reversibly in- 
hibited the olfactory channels, decreasing the apparent 
affinity for cGMP and cAMP and the maximum current at 
saturating cyclic nucleotide concentrations (Figure 4). As 
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Figure 3. Fraction of the Current Activated by cAMP Is Related to 
cGMP Affinity 
The K,z~ for cGMP is plotted on the abscissa, and the fraction of the 
maximal current activated by saturating cAMP is plotted on the ordi- 
nate. Each symbol type represents a different channel type, and each 
symbol within that type represents a different patch. The curve is a 
fit to the data in which only L was varied (LcGMP was varied from I to 
100,000). K,~ was calculated using scheme I (with K fixed and equal 
to 3500 M-~); I~(cAMP)IIm~×(cGMP) was calculated using scheme 2 
and assuming L~AMpIL~GMp to be fixed and equal to 0.00089. 
shown in the current families in Figure 4A, 10 p,M NF + had 
more effect at saturating cAMP than at saturating cGMP 
concentration. The mean suppression of current was 
18% _+ 14% (n -- 8) in the presence of saturating cGMP 
and 51% _ 12% (n -- 6) in the presence of saturating 
cAMP. This inhibition by Ni 2+ was distinct from the voltage- 
dependent block of the pore previously described to occur 
in the rod channel with divalent cations, including NF + (Kar- 
pen et al., 1993). The inhibition here was neither rapid nor 
voltage-dependent (data not shown),;as would be  ex- 
pected from voltage-dependent block, . . . . .  
NF + inhibited currents evoked by subsaturating Concen- 
trations of cyclic nucleotide to a greaterextent than it inhib- 
ited currents evoked by saturating concentrations (Figure 
4A, bottom two rows). The concentration dependence was 
seen as a decrease in the apparent cyclic nucleotide affin- 
ity of the channel (Figure 4B). The mean increase in K,/, 
observed with NF + was from 2.3 _+ 0.77 I~M (n = 13) to 
6 - 1.45 t~M (n -- 7) for cGMP and from 46.6 _ 28.3 
I~M (n = 10) to 93.9 _ 59.1 I~M (n = 4) for cAMP. 
Localization of the NF+-Binding Site 
Activation of the rod channel is potentiated, not inhibited, 
by NF + (lldefonse et al., 1992; Karpen et al., 1993; Gordon 
and Zagotta, 1995). Using chimeras, we have previously 
localized a part of the NF+-binding site responsible for po- 
tentiation in the rod channel to a single histidine residue 
(H420) not present in the olfactory (Q399) channel (Gordon 
and Zagotta, 1995). The presence of a histidine at this 
position was both necessary and sufficient to produce po- 
tentiation in the rod and olfactory channels. Rod channels 
with the mutation H420Q (CHM25) did not exhibit either 
potentiation or inhibition by NF +. Furthermore, the potenti- 
ation occurring in the olfactory channel with the mutation 
Q399H (CHM34) was somewhat smaller than that in the 
rod channel, probably owing to the continued presence 
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Figure 4. NF+ Inhibits Cyclic Nucleotide-Activated Currents in the OI - 
factory Channel 
(A) Current families recorded from inside-out excised patches. Re- 
sponses are to voltage jumps from 0 mV to between -100 and +100 
mV, in steps of 20 mV. Currents on the left were recorded before 
appli(~ation of 10 p.M NF ÷, and currents on the right were recorded in 
the presen'ce of 10 p_M NF ÷. From top to bottom the currents were 
recorded in the presence of 64 ~.M cGMP, 512 ~M cAMP, 1 pM cGMP, 
and 32 I~M cAMP, respectively. The 1 nA scale bar applies to the top 
two rows of traces, and the 150 pA applies to the bottom two rows of 
traces. 
(B) Dose-response curves for activation by cGMP and cAMP. The 
open symbols were recorded in response to cGMP, and the closed 
symbols were recorded in response to cAMP. The circles were mea- 
sured in the absence of NF ÷, and the bows were recorded in the pres- 
ence of 10 I~M NF ÷. The solid curves are fits with the Hill equation: 
[cNMP]" 
I = I=~ K,~= + [cNMP] n 
For cGMP without NF +, Ima× = 3292 pA, K,/2 = 2.25 I~M, and n = 2.3. 
For cGMP with 10 pM NF ÷, Im~ = 2696 pA, K,/= = 8.34 I~M, and n = 
2.3. For cAMP without NF ÷, I=ax = 3344 pA, Kv2 = 77.0 ~M, and n = 
2.35. For cAMP with 10 p.M NF ÷, I=,x = 1202 pA, Kv= = 161.3 I~M, 
and n = 2.35. All currents were measured at +100 mV. 
of NF+-induced inhibition in CHM34. These results sug- 
gested that the amino acid responsible for inhibition is not 
present in the rod channel and is distinct from the amino 
acid responsible for potentiation. 
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Figure 5. NF + Binding Localizes to a Histidine Residue near the Intra- 
cellular Mouth of the Channel Pore 
Box plot of chimeric channels indicating the rod segment(s) of se- 
quence (gray) and the olfactory segment(s) of sequence (black). Frac- 
tional inhibition is shown as the current at saturating cGMP in the 
presence of 10 I~M NF + relative to the current at saturating cGMP in 
the absence of NF +. The boxes have the same meaning as in those 
in Figure 2. 
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Figure 6. Eliminating the Histidine from the Olfactory Channel also 
Eliminates the Ni 2+ Inhibition; Adding the Histidine to the Rod Channel 
Confers the NF + Inhibition 
(A) Dose-response curve for activation by cGMP for' CHM30, which 
is entirely olfactory, except for an H396Q substitution. The symbols 
have the same meaning as those in Figure 4B. The curve was fitted 
using the Hill equation and the following parameters: Im~ = 2436 pA, 
K1/2 = 3.9 p_M, and n = 2.3. Currents were measured at +100 mY. 
(B) Current families at saturating cGMP with (right) and without (left) 
10 p.M NF + for CHM35, which is entirely rod, except for a Q417H 
substitution. All currents were in response to 64 p.M cG MP, and voltage 
pulses were from 0 mV to between -100 and +100 mV in steps of 
20 mV. 
Using channel chimeras, we have identified an amino 
acid present in the olfactory but not the rod channel that 
confers the ability to be inhibited by NF +. For each chimeric 
channel in Figure 5, we have plotted the current in the 
presence of NF ÷ relative to the current in the absence of 
NF +, all at saturating cGMP. A value greater than 1 indi- 
cates rod-like potentiation (which was small at saturating 
cGMP), and a value less than 1 indicates olfactory-like 
inhibition. The channels are ordered with the rod channel 
at the top and the olfactory channel at the bottom. The 
first ten channels plotted progress from the rod channel 
to one that is almost entirely olfactory. None of these chan- 
nels had a histidine residue at position 396 of the olfactory 
channel, which corresponds to position 417 of the rod 
channel, and none were inhibited by NF +. The next nine 
channels plotted, progressing from one almost entirely 
rod-like to the olfactory channel, all contained a histidine 
at position 396(417) (olfactory[rod]), and all were inhibited 
by Ni 2+. These results suggest that inhibition by NF + is 
produced when the channel contains a histidine at position 
396(417), three amino acids away from the NF+-binding 
site responsible for potentiation at position 399(420). The 
magnitude of inhibition at saturating cGMP was different 
for the different chimeras. The inhibition at saturating 
cGMP was small in the olfactory channel (INi2÷~, = 0.82 -- 
0.14) and became larger as the channel became more 
rod-like, as long as H396(417) was present in the channel 
sequence. This correlation probably is related to a state 
dependence of the Ni 2÷ binding (see below). 
Figure 6A shows data from CHM30, a channel identical 
to the olfactory channel except for an H396Q substitution. 
The currents measured in the presence of 10 I~M NF + were 
approximately the same as those measured in the ab- 
sence of NF ÷, at all concentrations of cGMP. Thus, this 
channel was unlike the olfactory channel (it was not inhib- 
ited by NF +) and unlike the rod channel (it was not potenti- 
ated by Ni2+). CHM35, a channel identical to the rod chan- 
nel except for a Q417H substitution was inhibited by NF ÷. 
Current families in the presence of saturating cGMP and 
saturating cGMP with 10 t~M NF + are shown for CHM35 
in Figure 6B. The currents were almost completely sup- 
pressed by Ni 2÷. Inhibition occurred in CHM35 even 
though the channel also contained a histidine at the po- 
tentiating site. Because of the large extent of inhibition, 
typical of chimeras that contained H396(417) and mostly 
rod channel sequence, it was not possible to measure 
currents in response to low concentrations olf cGMP in the 
presence of Ni 2÷. The data at saturating cGMP, however, 
indicated that a histidine at position 396(417) was both 
necessary and sufficient to confer NF ÷ inhibition on the 
olfactory and rod channels. 
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Figure 7. NF + Makes the AIIosteric Transition Less Favorable 
(A) Ni 2+ appears to decrease the stability of the channel open configu ra- 
tion. The data of Figure 4B have been fitted with scheme 1. For all 
the curves, Im~ = 3334 pA and K = 3500 M 1. The ~NMP values 
were as follows: I-~Mp = 10,000, ~GMp+NI 2+ = 629, I -~p = 8.9, and 
L~Mp+Nt2+ = 1.29. 
(B) Apparent cGMP affinity and the magnitude of the inhibition by NF + 
were correlated with L. The K,/, for cGMP is plotted versus the current 
at saturatihg cGMP + 10 I~M NF + relative to the current at saturating 
cGMP in the absence of NF +. In calculating K,/, and inhibition, only L 
was varied and K,~ was calculated as discussed above. I,~2+/I was calcu- 
lated from scheme 2. 
Mechanism of Inhibition by Ni =+ 
The inhibition of the olfactory channel by Ni 2÷ could occur 
either by a decrease in single-channel conductance or by 
an alteration of channel gating. In the olfactory channel, 
NF ÷ had only a small effect on currents in the presence of 
saturating cGM P. This, together with the ability to account 
completely for the data by modeling NF + block as altering 
only channel gating, suggests that Ni 2+ had little, if any, 
effect on single-channel conductance. Furthermore, the 
change in apparent affinity for cyclic nucleotides indicates 
that NF + must exert some effect on channel gating. 
The inhibition observed at saturating concentrations of 
cyclic nucleotide--particularly with cAMP and in some of 
the channel chimeras, such as CHM35--strongly sug- 
gests that NF ÷ affected the allosteric conforrnational 
change. To see whether a change in the free energy of 
the allosteric onformational change could account for the 
inhibition by N i 2+, we fitted scheme 1 to the dose-response 
data from the olfactory channel (Figure 7A). In this figure, 
data for both cGMP (open symbols) and cAMP (closed 
symbols) are shown with (bows) and without (circles) N F +, 
By altering only the equilibrium constant for the aliosteric 
transition (L), we could account for both effects of NF ÷-  
the decrease in the current at saturating cyclic nucleotide 
and the decrease in the apparent affinity for each cyclic 
nucleotide. For activation by cGMP, L was reduced from 
10,000 to 629 with NF ÷, and for activation by cAMP, L was 
reduced from 8.9 to 1.3 with NF ÷. Similar results were 
obtained by fitting the model to,data from two other 
patches. 
If, as suggested above, the closed state of the channel 
is more stable when NW is bound, then Ni 2÷ binding will 
be more stable when the channel is closed. The decrease 
in L explicit in the fits with scheme 1 could come about if 
NF + were to bind preferentially to the closed state of the 
channel. The binding of Ni 2÷ to the closed state would yield 
the following model: 
cNMP cNMP 
%l~N , Kdl~N,2+ %I~N , Scheme 2 
C.F+<--->C.i2+ <---~C.p 
In scheme 2, NF + binds to all of the closed states of the 
channel with an identical Kd. The effect on the equilibrium 
of varying L in scheme 1 is mathematically equivalent o 
the effect of varying Kd at fixed L in scheme 2. Thus, the 
fits shown in Figure 7A are also fits of scheme 2, in which 
NF + binds preferentially to the channel's closed states. A 
K~ of 0.67 I~M for NF + would be required to fit the cGMP 
data, and aKd of 1.7 I~M would be required to fit the cAMP 
data, with LoGMP = 10,000 and LcAMP = 8.9. Although not 
explicitly considered in scheme 2, NF ÷ binding to the open 
state could still occur so long as the Kd for Ni 2÷ binding to 
the closed channel were lower than the K~ for Ni 2÷ binding 
to the open channel. If NF ÷ can also bind to the open state 
of the channel, then these Kd values for binding to the 
closed states are overestimates. Although some effect of 
NP ÷ on single-channel conductance cannot be excluded, 
it appears that the primary effect of NF ÷ in our experiments 
was to reduce, the efficiency of channel activation. 
Correlation of the Extent of NF + Inhibition with 
Apparent Cyclic Nucleotide Affinity 
A mechanism in which NF + binds preferentially to the 
closed configuration of the channel predicts that, at saturat- 
ing cGMP, NF ÷ inhibition will be greater for those channels 
for which the equilibrium constant for the allosteric transi- 
tion (L) is small. We have already seen in Figure 5 that 
the Ni 2+ inhibition of the current observed at saturating 
cGMP was more pronounced in rod-like channels, with 
their lower apparent affinities, than in olfactory-like chan- 
nels. To test this prediction more quantitatively, we exam- 
ined the correlation between the K,j2 values for activation 
by cGMP and the fractional inhibition by NF + at saturating 
cGMP for the olfactory channel and for those chimeras 
that were inhibited by Ni 2÷. This correlation is plotted in 
Figure 7B, in which each symbol type represents a differ- 
ent channel type. The smooth curve is a fit to the data in 
which the Kv2 and fractional Ni 2÷ inhibition at saturating 
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Figure 8'. Ni 2+ Appears to  Bind Preferentially tq the Fully L.igar~aed 
Closed Channel 
(A) Dose-response 'relations for.activation of CHM3 by CG MP. The 
Symbols.:have the same. meaning as those i n Figure 4B. The dashed 
cui~es Were fitted using scheme 3. The pa~imeters used were Im~ = 
"~1'7576 P'A, K<= 3500"M-~I and L'=- 5'3 with and without NF +. The 
dissociation.constant othe unliganded and singly liganded channel 
(K~,) was 1 ~M; &ha {he di~c)ciation constant for the doubly liganded 
(Ka2) channel was 12.5 nM. The dotted curves were fitted using scheme 
2 and the following parameters: I=~ = 17576 pA, K = 3.500 M ', 
L~6MP = 53, and ~G~p+,,2+ = 0.08. 
(B) Dose-response relations for activation of the olfactory channel by 
cGMP. The data are the same as shown in Figure 4B and Figure 7A. 
Fits with scheme 2 are shown by the dotted curves, with the same 
parameters as those in Figure 4B. The dashed curves represent fits 
with scheme 3, with Im~ = 3334 pA, K = 3,500 M ~, L = 53 with and 
without Ni 2+, and Kd~ and K~2 equal to the values used in (A). 
cGMP were calculated from scheme 2. The fit estimated 
a Kd for NF + binding of 7 nM (see below). This correlation 
provides strong support for a mechanism of inhibition in 
which Ni 2+ binds preferentially tothe closed states, stabiliz- 
ing them relative to the open state. 
Differential Binding of Ni 2+ to Closed States 
The fits of scheme 2 could account both for the effects 
of NF + on the dose-response relations of the olfactory 
channel (Figure 7A) and for the correlation of the K1/2 and 
fractional NF + inhibition at saturating cGMP for each of 
the chimeras (Figure 7B), However, the estimated Kd for 
NF + binding was very different for the two different sets 
of data (671 and 7 nM, respectively), The fractional NF + 
inhibition at saturating cGMP depended onMy on.the NF + 
affinity of the fu Ily liganded closed state, whe rea s the effect 
on the dose-response relations depended on the-NF + af- 
finity of all of the closed states. Thus, scheme 21 in which 
the dissociation constants for NF ÷ to each closed state 
are identical, was inadequate. 
In addition, scheme 2 could riot account for the inhibition 
by NF + at low cGMP concentrat[0ns observed with some 
chimeric channels. Figure 8A shows fits to the dose-re- 
sponse relations for CHM3, in which the circles represent 
cGMP-induced currents measured in the absence of NF +, 
and the bows represent currents measured in the pres- 
ence of NF ÷. The apparent affinity for cGMP predicted by 
scheme 2 (dashed curve) was too low, given the large 
extent of inhibition. In general, the chimeras that exhibited 
a large degree of inhibition at saturating cyclic nucleotide 
concentrations did not exhibit as large a decrease in the 
apparent affinity as predicted by scheme 2. 
A better fit to the data was obtained using the following 
revised model: 
cNMP cNMP 
KdlI~,.Ni2:KdlI~N,2 + Kd~2~1~.._~,2+ Scheme3 
This mode! is identical to scheme 2 except hat the dissoci- 
:;ati0n constant+of NF + from the unliganded and singly li- 
gan~ed.c~10s'ed conformations (Kal) is different from the 
d.isS~ci~tion constant of NF + from the doubly liganded 
.closed conformation (Kd2). The dotted curves of Figure 8A 
were fitted using this model. The values of L and K were 
determined from a fit of the model to the data measured 
without NF +. The dotted and dashed curves overlap for 
cGMP without NF +, where the two models are the same, 
but differ substantially once NF ÷ is added. 
This model also fits the dose-response curves of the 
olfactory channel (Figure 8B). The only difference between 
the parameters used to fit CH M3 and the olfactory channel 
is that LcGMP for the olfactory channel is almost 200 times 
greater than LcGMP for CHM3. This means that at saturating 
cGMP the olfactory channel spends less time closed than 
does CHM3, and less time in the conformational states 
best bound by NF +. Thus, the data from the olfactory chan- 
nel are also consistent with preferential binding of Ni 2+ to 
the fully liganded closed configuration. For the fits shown 
in Figure 8, the estimated value of Kdl was 1 ~M, and the 
estimated value of K~2 was 12.5 nM. One way in which 
the differential binding of NF + to different closed states 
could come about is if binding of cyclic nucleotide to each 
subunit were to cause a conformational change in that 
subunit which produced or exposed part of a NF÷-binding 
site. The opening allosteric conformational change would 
again eliminate or hide the site. 
In this paper, we have shown that: the allosteric transi- 
tion from the closed configuration of each channel to its 
open configuration was energetically more favorable when 
the channel was bound by cGMP than when bound by 
cAMP; regions that influenced the allosteric transition 
Neuron ,' 
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were  distr ibuted throughout the channel  sequence,  the 
amino-terminal  domain  being especia l ly  important;  and 
NF ÷ inhibited the o l factory channel  by binding to a hist idine 
residue,  H396(417). This hist idine is only three amino 
acids away from the site of another  hist idine prev ious ly  
shown to be respons ib le  for Ni 2÷ potent iat ion of  the rod 
channel ,  H399(420).  The presence  of  two amino  acids that 
can so strongly inf luence channe l  gat ing in the segment  
of  the channel  immediate ly  fo l lowing $6  points to an im- 
portant  role for this region in the channel  gat ing process.  
Experimental Procedures 
The cDNA clone for the bovine rod channel was isolated as previously 
described (Gordon and Zagotta,-1995). The amino acid sequence is 
identical to the published sequence, except for an alanine to valine 
substitution at position 483. This amino acid substitution caused a 
small decrease in the apparent affinity of the rod channel for cGMP 
(data not shown). The cDNA clone for the rat olfactory channel was 
kindly provided by the laboratory of R. R. Reed (The Johns Hopkins 
School of Medicine, Baltimore, MD). These cDNAs were subcloned 
into a high expression vector, kindly provided by E. R. Liman, that 
contains the untranslated sequences of the Xenopus J~-globin gene 
(Liman et al., 1992). The generation of mutant cDNAs, expression in 
Xenopus oocytes, and electrophysiology were as previously described 
(Gordon and Zagotta, 1995). Briefly, chimeric channels and point muta- 
tions were generated by a method involving PCR and were verified 
by sequence analysis. The splice sites of the chimeras were located 
at the following positions: amino terminus, T162 (rod), W141 (olfac- 
tory); $1, A183 (rod), A162 (olfactory); $4-$5 linker, R285 (rod), R264 
(olfactory); P region, L343 (rod), L322 (olfactory); and carboxyl termi- 
nus, F421 (rod), F400 (olfactory). Additionally, the following point muta- 
tions were made: CHM25, H420Q in the rod channel; CHM35, Q417H 
in the rod channel; CHM34, Q399H in the olfactory channel; and 
CHM30, H396Q in the olfactory channel. RNA was transcribed from 
the cDNAs and injected into Xenopus oocytes. 
Patch-clamp experiments were performed in the inside-out configu- 
ration. Currents were measured at steady-state, except in the presence 
of high cGMP concentrations, when currents were measured within 2 
ms of switching the voltage to minimize ion depletion effects. Solutions 
were changed using an RSC100 rapid solution changer (Molecular 
Kinetics, Pullman, WA). The extracellular solution contained 130 mM 
NaCI, 3 mM HEPES, 0.2 mM EDTA, and 500 p.M niflumic acid (pH 
7.2)i Niflumic acid was added to reduce the Ca2÷-activated CI- current 
endogenous to the oocytes and did not alter the cyclic nucleotide- 
induced Currents or their responses to NF ÷ (data not shown). The intra- 
cellular solution contained 130 mM NaCI, 3 mM HEPES (pH 7.2), and 
cyclic nucleotide with either 0.2 mM EDTA or 10 I~M NF ÷ as indicated. 
Currents were low pass-filtered at 2 kHz (8 pole Bessel) and sampled 
at 10 kHz. Recordings were made at 20°C-22°C. Free energy was 
calculated from equilibrium constants in the model using the Gibbs 
function AG = -RTIn(Keq). 
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